Convective heat transfer about an isothermal, cylindrical extrudate of constant diameter, issuing continuously from an extrusion die, is investigated numerically, using a commercial CFD software package. The hot extrudate is assumed to move vertically downward, thus giving rise to a combined regime of forced and free convection in the surrounding fluid. Prandtl number of 0.707, corresponding to air near standard conditions, is used. It is seen that when extrudate speed is very low, heat transfer decreases as speed is increased. However this trend is reversed at higher extrudate speed. Flow pattern in the ambient fluid, and effects of Rayleigh number on the extrudate's heat transfer, will also be presented.
INTRODUCTION
This paper considers heat transfer from a solid isothermal circular cylinder issuing continuously from an opening on a horizontal wall, and moving downward at a constant speed in an otherwise quiescent ambient fluid. The situation is similar to an extrudate emerging from an extrusion die. The cylinder's surface temperature is above that of the surrounding fluid, which has properties corresponding to air near standard conditions.
The case of a material emerging continuously from a wall's opening and moving through an ambient fluid has been considered by a number of authors. Heated flat sheets moving either horizontally or vertically upward were treated by Jaluria and co-workers [3] [4] [5] [6] [7] [8] , whereas material of circular cylindrical shape by Choudhury and Jaluria [2] , Kang, Yoo and Jaluria [5] , Pantokratoras [10] , Roy and Anilkumar [12] , Takhar, Chamkha and Nath [13, 14] .
However, there is still large gap in detailed information relating to the heat transfer rate from surface of a heated cylinder moving continuously downward. This work aims to provide such information, both qualitative and quantitative. 
NOMENCLATURE

MODELLING AND COMPUTATION
The physical model is depicted in Figure 1 . A solid circular cylinder of diameter D issues continuously from an opening in a horizontal wall, and moves downward at a constant speed U, into an otherwise quiescent ambient fluid. The situation is similar to an extrudate coming out of an extrusion die. The horizontal (die) wall thus acts as a ceiling. The cylinder's (extrudate's) surface is assumed to have a uniform temperature T s , while the ambient fluid has the constant ambient temperature T ∞ , with T s > T ∞ . Here T ∞ is fixed at 300 K.
The overlying (die) wall is assumed to be insulated and thus having adiabatic condition. However, in a few cases, so as to compare the effects of the thermal condition of this wall on heat transfer from the cylinder's surface, this wall is also assumed to be isothermal, and having the same temperature as the ambient fluid's (300 K).
Laminar flow is assumed. This is reasonable, as both the diameter-based Rayleigh Ra D and Reynolds Re D numbers are not large. Even the length-based Rayleigh number Ra L which is based on the total cylinder length L inside the computational domain (L = 0.200 m) is also not large. The maximum value of Ra L considered is 5×10 7 ; the value corresponding to the beginning of turbulent free convection along a stationary heated vertical plane wall is about 10 9 [9]. Due to viscous drag from the moving cylinder, the surrounding fluid will be set in motion. Also, free convection would arise from temperature difference between the cylinder's surface and the fluid. The result is a combined free and forced convection in the fluid adjacent to the hot, moving cylinder. Attention will be given to the heat transfer rate from the cylinder's surface, which is characterised by local and average Nusselt numbers.
The cylinder's diameter is kept fixed at D = 0.010 m. All fluid properties are assumed to be constant and corresponding to those of air at 300 K and standard pressure at sea level (101.3 kPa); but Boussinesq approximation is also assumed for the buoyancy force arising from density variation as a result of temperature change. With these values, the diameter-based Rayleigh number Ra D , which is a key parameter in free convection, can be defined and having the following expression Figure 2 shows the computational domain, which is axisymmetric, and is kept finite with a finite cylinder's length L inside the computational domain; here L = 0.200 m.
In addition to the cylinder's diameter D, its length L is also used as a reference length scale. Thus, the length-based Rayleigh and Nusselt numbers are defined respectively as Ra The governing equations are those of conservation of mass and momentum, and balance of energy, for fully viscous, incompressible, laminar, axi-symmetric flow with heat transfer. Except for Boussinesq approximation relating to the buoyancy force resulting from temperature change, no other simplification has been used.
Referring to Figure 2 , the boundary conditions are as follows
• On the overlying ceiling (die wall), AB: zero velocity u = v = 0, and adiabatic condition ∂T/∂x = 0 • BC and CD represent the ambient conditions; the fluid has constant ambient pressure and temperature, namely p = 0 (gauge), T = 300 K. However, the thermal condition here applies only on those sections of the boundary where there is inflow; if the computation reveals outflow on any sections, the constant temperature condition there will be ignored; instead, temperature will be computed by the software. Similarly, the constant pressure condition applies only on those sections of the boundary where there is outflow; if the computation reveals inflow on any sections, the constant pressure condition there will be ignored, and pressure will be computed instead • On the cylinder's surface, AD: constant axial velocity and uniform temperature, u = U, v = 0, T = T s The commercial software package CFD-ACE from the ESI Group is used for the computation. The numerical scheme is the Finite Volume Method, and the coupled system of governing equations is solved iteratively for the two velocity components, temperature and pressure. The package's default convergence criterion of reduction of residuals in the solved variables by four orders of magnitude is adopted. This is deemed adequate; a comparison of the solutions with residual reduction of 4 orders of magnitude and those with residual reduction of 5 orders of magnitude shows extremely small difference; thus for example, the relative difference in the total heat transfer rate from the cylinder's surface for the case of axial velocity U = 2 m/s (Re D = 1259) and Ra D = 1250 (Ra L = 10 7 ) is only 4.7×10 −6 . Computation is done with double precision (64 bits) throughout.
Grid convergence tests have also been performed to ascertain the adequacy of the grid patterns used. Thus, for example, Table 1 One important parameter characterising heat transfer is the local heat transfer coefficient h x at co-ordinate x. It is obtained approximately by
where A x is the surface area of a small segment of the cylinder centred at x, extending from x − ∆L to x + ∆L and thus having length 2∆L. So A x = 2 π D ∆L, and Q x is the corresponding heat transfer rate from this area. Here ∆L is taken to be 0.010 m, and the cylinder segments are centred at x = 0.010, 0.030, …, 0.170, 0.190 m respectively.
The approximate local diameter-based Nusselt number can then be defined as (Nu D ) x = h x D / k
RESULTS AND DISCUSSION
To provide another solution to what can be seen as a bench mark problem, and also to provide further confidence in the software package and the computational scheme used, the case of the totally unobstructed free convection about a stationary, isothermal, vertical cylinder of finite length is also considered. Thus the case corresponding to that of Table 1 is treated, wherein, referring to Figure 2 , U = 0 and the ceiling (die wall) is now replaced by a boundary with ambient condition. Laminar flow is assumed. As shown in The above comparison is summarized in Table 2 . Figure 3 shows that the effect of Rayleigh number on (Nu D ) x is significant only at low cylinder speed. Then, higher Rayleigh number in general depresses (Nu D ) x close to die exit more, but also enhances it more at larger distance. At low Ra D , higher (but still small) Re D results in larger (Nu D ) x ; but this order is reversed at high Ra D , especially at large x/D. This is agreeable with expectation; at low speed, weak buoyancy does not produce a thick layer of hot fluid near the die exit but does allow a gradual build-up of the heated fluid as the hot cylinder drags it along downward. The opposite occurs with strong buoyancy, when large amount of hot fluid is carried upward by it to accumulate near the die exit, thus reducing (Nu D ) x there. Further downstream, on the other hand, a very hot cylinder surface and the associated strong upward buoyant flow will attract cool ambient fluid to come close to the cylinder, thus increasing heat transfer. Figure 4 shows effects of cylinder speed and Rayleigh number on the average heat transfer rate. In general, Ra D is seen to affect only slightly (Nu D ) ave . At very low cylinder speed, higher Ra D results in higher (Nu D ) ave as expected, due to more vigorous buoyant flow. As this low speed increases, (Nu D ) ave decreases, in agreement with the notion that cylinder motion drags along downward more of the heated fluid that has risen due to buoyancy and been collected near the die exit. However, as speed increases further, cool fluid is also dragged in along the cylinder surface. As a result, the trend is reversed, and (Nu D ) ave now increases with increasing cylinder speed. between 10  7 and  5×10  7 ) . However, the influence of Ra D agrees with expectation. For, at very low cylinder speed, a stronger buoyant flow associated with larger Ra D would help remove heat better. As speed increases, the cylinder's motion drags along with it the fluid from above. Here, higher Ra D would accumulate by free convection more and hotter fluid near the wall opening (die exit) to be dragged down along the cylinder surface. This results in lower heat transfer rate. As cylinder speed becomes even higher, the hot fluid by free convection above would no longer be enough, and cool ambient fluid will also be dragged in and down along the cylinder surface. Higher Ra D however would help make this movement of ambient fluid more vigorous, resulting in higher (Nu D ) ave .
The quickly diminishing influence Ra D also agrees with this notion, for, at sufficiently high speed and high Ra D , the dragged-in cool ambient fluid will be the determining influence on heat transfer, and effects of Ra D will thus become accordingly negligible.
Effect of thermal condition of the ceiling (die wall) on heat transfer is also considered. Figure 5 compares variation of (Nu D ) x with respect to distance from die exit when the die wall (ceiling) is insulated and when it has constant temperature equal to the ambient fluid (300 K). The figure shows that except for regions close to die exit and low cylinder speed, thermal condition of the die wall (ceiling) has very little influence on the heat transfer rate.
Again, this is in agreement with expectation, since penetration of the die wall's influence downward along the cylinder surface should reduce with distance from it. Closer to die wall, the lower temperature of an isothermal wall (compared to the accumulated heated fluid brought up by free convection and staying hot due to an insulated wall) should help enhance heat transfer rate, as seen. And as expected, all this will become less significant as cylinder speed increases.
Stream surfaces and temperature distribution for representative cases are shown in Figures 6-9 . Note that in these figures, the horizontal lines inside the computational domain connecting the cylinder surface and the side boundary representing the ambient condition should be disregarded; these lines are used in the discretisation of the computational domain, and thus are not part of the solution contours. Stream surfaces corresponding to Ra D = 1250 (Ra L = 10 7 ) for increasing cylinder speed are shown in Figure 6 . The relative importance of flow due to free convection versus that due to cylinder motion can be seen to decrease with increasing cylinder speed; in Figure 6 (c), most flow is due to cylinder's dragging. Figure 7 shows temperature distribution corresponding to cases in Figure 6 . The reduction of the thermal boundary layer with higher cylinder speed is clearly shown, which corresponds to increase in the heat transfer rate with increasing Re D as seen in Figures 3 and 4 .
Finally, for comparison, Figures 8 and 9 show the stream surfaces and temperature distribution corresponding to an increasing Rayleigh number, for a constant Reynolds number Re D . The flow pattern is seen to be similar to those presented in Figure 6 , but in a reverse order, namely the low-Ra D pattern in Figure 8 is similar to that of high cylinder speed in Figure 6 , and vice versa.
CONCLUSIONS
Heat transfer from surface of an isothermal circular cylinder emerging from an opening in a horizontal wall and moving continuously downward with a constant speed through an otherwise quiescent ambient fluid whose Prandtl number is 0.707 has been treated computationally. The situation is similar to an isothermal extrudate emerging from an extrusion die. Effects of Rayleigh number, cylinder speed, and thermal condition of the die wall, on the heat transfer rate have been obtained. When extrudate speed is very low, heat transfer decreases as speed is increased. However this trend is reversed at higher extrudate speed. In general, relative to cylinder speed, Rayleigh number has only small but complex influence on the heat transfer. Influence of the die wall's thermal condition is limited to a region near die exit, and is significant only at low cylinder speed. Representative flow patterns and temperature distributions in the ambient fluid have also been presented. Figure 1 . Physical model of a heated circular cylinder issuing continuously from an opening on a horizontal wall and moving downward. The situation is similar to an extrudate emerging from an extrusion die. 
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